Graphical and tabulated data and the associated bibliography are presented tor cross sections for elastic, excitation and ionization collisions ofH+, H2 +, H3 +, H, H 2 , and Hwith H2 at laboratory energies from 0.1 to 10 keV. Where appropriate, drift velocities and reaction or excitation coefficients are calculated from the cross sections and recommended for use in analyses of swarm experiments and electrical discharges. In the case ofH+ in H 2 , cross sections for momentum transfer, rotational excitation, vibrational excitation, charge transfer, electronic excitation, and ionization are recommended. Energy-loss or stoppingpower coefficients calculated from these cross sections are much smaller than obtained from stopping-power theory. There are no relevant energy-loss experiments for H+ in H 2 . Drift velocity calculations predict runaway for H+ in H2 for electric field to gas density ratiosE/ltgreatcrthan700Td,whcrc 1 Td (townsend) = 10-21 V w".ForH 2 + inH 2 • the cross sections include H3 + formation. charge transfer, vibrational and electronic excitation, and ionization. Drift velocities and average cross sections are calculated for E In> 1 kTd. For H3 + in H 2 • cross sections for momentum transfer. various charge transfer processes, electronic excitation, and ionization and drift velocities are recommended. In the case of H in H 2 • cross sections for momentum transfer, rotational excitation, vibrational excitation, charge transfer, H-formation, electronic excitation, and ionization are recommended. For H2 in H 2 , cross sections for momentum transfer, rotational excitation, vibrational excitation, charge transfer, electronic excitation, and ionization are recommended. In the case ofH-in H 2 , cross sections for momentum transfer, electron detachment, and ionization are recommended and calculated drift velocities are compared ~th experiment. Collisions of electronically excited states with H2 are not included.
Introduction
This paper presents graphical and tabulated data and the associated bibliography for cross sections for elastic, excitation, and ionization collisions ofH+, Hz +, H J +, H, H.l' andH-in H2 for laboratory energies from 0.1 eVto lOkeV. Ion-transport and reaction coefficients calculated from these cross sections are compared with available experimental data and are tabulated.
The cross-section data were assembled from published results. The choices of data were guided by their intended use in the modeling of electrical discharges in weakly ionized H 2 . The data are expected to find use in models of breakdown in H2 at low pressures,1 the cathode fall of H2 discharges 2 -4 at voltages above ~ 500 V, hydrogen thyratrons,5 ion sources, 6.7 and in "pseudospark" devices. s Studies utilizing similar data to analyze emission and breakdown measurements for discharges in N2 and Ar have been published. 9 -11 Also, a number of reviews which include recommended cross sections for H+. H, and H2 + collisions with H2 have appeared, or will appear soon; Green and McNeal, 12 Fedorenko, 13 Olson, 14 Barnett et aI., 15 Tawara, 16 Janev et al., 17 Tawara et al., 18 and Barnett et al. 19 We have made extensive use of these publications, both for citation and for background. Some of the lower energy processes considered in the present paper are discussed in connection with interstellar media models. 20 . 21 This review supersedes our conference report Z2 and the summary of our H+ in H2 J. Phys. Chem. Ref. Data, Vol. 19, No.3, 1990 2. Energy loss L", and momentum loss Lm coefficients for H+ in H2 versus H+ laboratory energy .. 669 10. Cross sections for collisions ofH 2 with H2 versus laboratory energy ofthe projectile H2 for the target H2 at rest. ....... 672 results by Inokuti and Berger. 23 This paper is an effort to provide data of current need and is subject to revision as new data become available. The published cross sections have been interpolated and extrapolated where necessary to provide the "complete" sets of data needed for the models. We have not attempted to assign estimates of accuracy to the recommended data, but we have indicated areas of uncertainty and where extrapolations and interpolations were made. We have not considered gas mixtures or three-body collision processes. Collisions of electronically excited states ofH and H2 with H2 are not included.
The cross sections and the transport and reaction coefficients for hydrogen ions and neutrals in H2 are shown in and are listed in Tables 1-12. In general, the curves and tables are labeled by the experimentally observed or theoretically calculated product of the collision. Specific comments on the data are given in Unless otherwise specified, all energies are laboratory energies EL rather than relative, center-of-mass, or "collision" energies. The same-logarithmic energy scale is used in all of the cross section and energy-loss tables because of the wide range of energies considered and the resultant simplicity of averages over the ion and fast neutral energy distributions. Although some entries in the tables are given to several significant figures, all entries should be considered uncertain to at least ± 5%. Blank entries in the tables indicate cross sections too small to be evaluated or zero. 
Symbols
The symbols lisen in this paper are~ -electrode separation in m.
-electronic charge = 1.602 X 10-19 C.
-electric field to gas density ratio in Td. - -mass of H2 target in kg.
-gas density in molecules/m 3 • -principal quantum number ofH atom or H2 molecule.
-cross section for charge transfer collisions in m 2 .
-total cross section for ionization in m 2 • -total cross section for excitation for the k'h process in m 2 .
-cross section for "destruction" or loss of ions or fast neutrals in m 2 .
-momentum transfer cross section in m 2 • -average cross section for process k in m 2 .
-"temperature" characterizing energy: 9i~trib~~ tion ofH2 + ions in eV.
-unit of E In such that 1 Td (townsend) 10-21 Vm 2 • -quantum number of vibrational level of H2 or H2 + molecule. -spatial reaction or excitation coefficient for processkinm-1 • --change in rotational quantum number of H2 or H2+' -projectile energy in the laboratory frame in eV.
-mean energy loro:ro: hy projectile per ionizing collision in eV.
-energy loss in excitation of the kth level in eV.
-ion drift energy calculated using energy balance model in eV.
-ion drift energy calculated using momentum balance model in eV.
-angle of ion velocity vector with the electric field.
-ion mobility normalized to unit density in (m Vs) -1.
H + COllisions with H2

H + -Hz Cross Sections
The momentum transfer cross section Qm shown in Fig.   1 rotational excitation for J = 0 -2 and J = I . .. 3 ; vibrational excitation for v = 0-1, 0 ... 2, and v = 0-3; charge transfer to H2 + and fast H; Ly-a and Ha excitation; and electron production (e). The long-dashed lines are extrapolations to higher energies of fits of constant cross section and constant collision frequency models to 300 K mobility data. These cross sections are listed in Table 1 . Tritella 31 for J = 0 to J = 2 excitation. These cross sections are somewhat smaller than those recommended by Janev et al. 17 In order to use these cross sections the values listed must be multiplied by the fraction of the H2 molecules in the appropriate initial rotational level. The rapid rise in these rotational excitation cross sections near threshold is reminiscent of the electron excitation of rotational levels of H2 via the electric quadrupole moment. 32
The vibrational-excitation cross sections shown in Fig.  1 are obtained from the theory of Gentry and Giese 33 for energies from 6 to 1000 e V and confirmed by Schinke 34 for energies from l' to 300 eV . Linder 30 gives similar values at energies between 6.8 and 15 eV. Relative cross sections for various final vibrational states at 30 e V have been reported recently by Niedner et al. 35 The cross sections of Fig. 1 rise and fall somewhat slower with energy than those recommended by Janev et al. 17 The experimental results of Herrero and Doering 36 are much smaller than the data shown, particularly at low energies. As shown in Sec. 3.2, vibrational excitation is a significant momentum-and energy-loss process for H+ in H2 at energies between 10 and 100 eV.
The:: cross sections for chargt: tnt.nsft:r tu furm H2 + and fast H, shown in Fig. 1 for energies from the threshold 2.7 eV-4 eV, are a compromise based on several experiments. The sharp increase in cross section near threshold reported by Holliday, Muckerman, and Friedman 37 is supported by the rough consistency of their data for H+ on D2 to form D2 + and HD+ with that found by Ochs and Teloy.38 However, this same comparison suggests that the cross section for H2 + formation decreases much less rapidly with increasing H+ energy than found by Holliday, Muckerman, and Friedman. 37 We have adopted a smooth curve, which is about 60% of the Baer et al. 39 value at 30 eV, and which approaches the results of Holliday, Muckerman, and Friedman 31 at energies below 5 e V and those of Gea1y and Van Zyl40 for 63 < EL < 2000 eV. Our cross section is reasonably consistent with the low-energy portion of the cross sections for slow ion production, found by Cramer 9 and by Koopman. 41 For energies from 2 to 10 keY, our recommended values approach the tabulated values for fast H production from Barnett et al. 15 and at near 10 keY are slightly lower than the results of Rudd et al. 42 The cross section for fast H formation at 1500 e V is in good agreement with the angular integrated differential cross section data of Smith et al. 27 We a.',!mme that ~low H+ formation is small in the energy range shown, e.g., slow H+ + H-formation has not been reported. Note that H2 + formed by charge transfer at 30 e V has a high degree of vibrational excitation. 35 The excitation cross sections shown in Fig. 1 for the Lyman-a line are from Van Zyl et al. 43 and Van Zyl, Gealy, and Neumann 44 for energies from 170 eV to above 1000 eV. Note that these Lyman-a cross sections are almost an order of magnitude lower than those of Ottinger and Yang 45 for the common energy range of 170 < El. < 250 eV. The excitation cross section for the Balmer-a (labeled as Ha) line in Table 1 is from Williams, Geddes, and Gilbody4() for energies above 1.5 keY and is extrapolated to lower energies as shown. Most of the Lyman-a and Balmer-a production at 2 < E L < 10 ke V is Doppler shifted from the unperturbed line and so is interpreted as "projectile excitation ".46 The production of excited H has been observed by Hess 47 at 300 < E L < 3000 eV for n* = 3 and 4 and by McFarland and Futch 48 for EL > 5 keY and n* > 11, where n* is the principal quantum number. If, as found by these authors for the higher n*, one assumes that the excitation of the higher states of H varies as (n*)-3, then the sum of the excitation cross sections for His 2.1 times the cross section for H(n* 3) excitation. No cross sections have been found for excitation of H2 molecular emission by H+ at energies below 20 ke V. See, for example, Thomas 49 and Uunn, Ueballe, and Pretzer. ~o The cross sections for excitation of the Lyman bands in the far UV are comparable with those for excitation of Lyman·a at 50 keY, but decrease more rapidly as the H+ energy is decreased. 51 There are seemingly conflicting statements as to whether or not H+ -H2 collisions produce significant visible molecular emission. 51 . 52 There appear to be no cross·section data for H2 dissociation into ground·state H atoms in H+ -H2 collisions.
The electron production cross sections from 400 to 10 000 eV are from Rudd et al. S3 These data were extrapolated to lower energies using the empirical formula given by these authors. At energies below 10 ke V these cross sections are much smaller than those tabulated by Barnett at 01.,15 and somewhat smaller than those of Green and McNea1 12 and of Janev et a1. 11 We assume that each electron-production event results in single ionization of the target, but with an unknown ratio H+ to H2 + .
Energy, Momentum Loss, and Stopping Power for H+ in H2
In order to test the usefulness of the cross section set for H+ and H2 described in Sec. 3.1, we will compare the energy-and momentum-loss functions derived from the cross sections with (i) energy-loss theory developed to describe a beam ofH+ traversing H2 and (li) measurements of the drift velocity ofH+ in. H2 under the influence of a uniform electric field (Sec. 3.3). We will first define the loss functions and then make the comparisons. Figure 2 and Table 2 show the energy-loss functions L,,(Ed and momentum loss functionsL m (EL) forH+ in H2 calculated using the cross sections of Fig. 1 . In this report we will not review the fluid or moment models of ion motion leading to these quantities, but will simply define them. For a general discussion of such models, as applied to ion transport, see Kumar, Skullerud, and Robson. 54 The application of these quantities to a simplified model of electron motion at very high E In has been discussed by Phelps, Jelenkovic, and Pitchford. 55 The energy-loss function used here is defined as 
--20 -l 10 10- and Q ~ are the total cross sections for excitation of the k 'th process and for ionization. The first term on the right-hand side of Eq.
(1) is the average energy loss caused by recoil of the H2 in the collision with the H+ as given by McDaniel. 56 The second term is an approximation to the energy loss in the various excitation processes discussed earlier in this section. This approximation assumes that the energy loss E k is small compared to the H+ energy EL as in the "continuous energy loss" models. See, for example, Porter and Green. 57 A similar approximation is used for the last term, i.e., the ionization term, except that (E) i is the average energy lost by the H+ in the ionizing collision. Rudd 58 has found that the average energy of electrons produced in H I + H2 collisions is (E) i = 0.07 (E L ) 1/2 eV for energies from 5 to 200 keY, where E L is in e V. This energy loss is a minimum value, since it contains no allowance for the vibrational excitation of Hz + or for the energy of the H+ and H fragments produced along with the electron. We also have no information on the relative yields of atomic and molecular products resulting from H2 ionization by H+. We will assume that for 23.1 <EL < 10 4 eV, (E); = 0.07(EL -23.1)1/2 eV.
(2)
The dashed curves of Fig. 2 show the contributions of the elastic and various inelastic processes discussed previously in this section to Le (E L ) and L m (E L ). In calculating the contribution of excitation to the highly excite states of H, we assume that the excitation of these levels is proportional to (n*) -3, where n* is the principal quantum number, and that the observed emission cross sections are approximately equal to the state-excitation cross sections. We have neglected the energy loss due to large changes in the rotational quantum number that occur 59 at high E L • Note particularly Vol. 19, No.3, 1990 the much smaller contribution of ionization to L E ( tot) than in our earlier estimate as cited by Inokuti and Berger. 23 The solid curve marked "ENERGY" shows the values of L" (E L ) obtained by summing the dashed curves. Figure 2 provides a comparison of theoretical values of the stopping power for H+ in H2 with our calculated values of L", The upper solid curve between 1 and 10 keY shows theoretical values of the stopping power for H+ in H 2 , calculated under the conventional assumption that they are twice the theoretical values for H+ in H.60 The values from the compilation by Janni 61 are higher by almost 50% at € L 1 keY, i.e., they differ by about the estimated combined uncertainties. Since the stopping power theory cited does not include the effects of angular scattering,62 we have shown by the chain curve, the !'.lU1T1 of the contributions of the various inelastic processes of Fig. 1 to Le Note that the disagreement of a factor of 5 at 1 keY, between our calculation and the theory shown in Fig. 2 , is significantly larger than in our preliminary comparison, as cited by Inokuti and Berger/' primarily because of the much lower contribution of ionization to the energy loss. Inokuti and Berger 3 suggest that errors (or omissions) in the inelastic cross sections are responsible for the discrepancy with theory. If the stoppingpower theory is correct at these low energies, a cross section for the electronic excitation ofH 2 of about 10 -20 m 2 at 1 ke V would be required to supply the missing energy loss. This' excitation could lead to, as yet, unmeasured processes such as dissociation into ground-state H atoms, H2 molecular emission, etc. In addition, the energy loss to dissociation during ionization could be much larger than that given up to the electrons according to Eq. (2).
Energy-loss experiments at cL < 50 keY, in which the energy ofH+ is measured after a large number of collisions with H 2 , such as that of Phillips, 63 are insensitive to the energy-loss rates for H+ in H2 because 64 the projectile spends about 90% of its time in the form ofH and because the rate of energy loss by H+ is comparable with that for H. Thus in these energy-loss experiments and at E L < 50 ke V the change of kinetic energy of the H I should be regarded prImarily as an indicator of the kinetic energy loss of the H and not of the energy loss of the H+. We will see in Sec. 6 .2 that the rate of energy loss by H in Hz calculated from our c.ross se.ct\(\1'\!'. satisfactorily accounts for the energy-loss measurements of Phillips. 63 The total momentum-loss function Lm (E L ) is defined by
ValucsofL m (eL) forH+ inH2 are shown by the solid curve marked "MOMENTUM" and are given in Table 2 . Note that the only change in the momentum-loss function defined by Eq. (3) from that for energy loss defined by Eg. (1) is in the mass-dependent coefficient of the recoil term, i.e., the first term on the right-hand side. In the present case, this change increases the contribution of momentum-transfer collisions to Lm by a factor of 3 relative to that for Le and (3) we assumed that the inelastic-scattering cross sections are strongly peaked in the forward direction so that the momentum loss can be expressed in terms of the energy loss.65 Although this assumption will fail at low energies, the loss functions for inelastic excitation are small enough so that the error in Lm (c L) can be neglected.
Drift Velocities and Reaction Coefficients for H+ in H2
Our second test of the usefulness of the cross section set inLFig. 1 is a comparison of calculated and measured drift vdlocities W for H+ in H 2 • Figure 3 and Table 3 show comparisons of calculated and d.perimental 66 values of the drift velocity ofH+ in H2 for high values of E In, the ratio of the electric field to the gas density. The calculated drift velocities were obtained by modifying the single-beam models of electron motion derived by Phelps, Jelenkovic, and Pitchford 55 so as to apply to ion motion. The only changes to the energyand momentum-balance models for electrons are to replace the elastic scattering terms for electrons by the first terms on the right-hand sides ofEqs. ( 1 ) and (3), respectively. Therefore the H+ drift energies and velocities are found by solving the steady-state forms of the momentum balance eE .
-= T .", (11'",) 66 The calculated results are listed in Table 3 .
The calculated drift velocities are shown by the curves of Fig. 3 and the experiments 66 are indicated by the points. We note that the values of W(H+) from the momentum-balance model (solid curve) and the energy-balance model, (dashed curve) differ by a factor of 2 or more. Although this comparison shows that we obtain consistency with experiment by the choice of Qm (c L) shown in Fig. 1 and the use of the momentum-balance transport model, it does not test either Fig. 3 , which is calculated using the single-beam, energy-balance model using the cross sections of Fig. 1 , is well above that for which drift velocity data is available. Figure 3 and Table 3 also show the cross sections for H+ destruction Qd, as given by the single-beam, momentum-balance model using our cross section set. In this simple model, Qd is the cross section for H2 + formation at the energy of the H+ beam. We see from Fig. 3 that the destruction cross section increases rapidly at E In just above the highest E In values for which drift velocity measurements were reported. 66 Note that the energy-balance model predicts rapid destruction at E In well below those for which drift-velocity data were measured. 66 Also, the predicted ionization coefficient is negligibly small for E In, for which equilibrium is attained.
The steady-state results of Fig. 3 and Table 3 are not applicable in some discharge models because there are an insufficient number of collisions for the H+ ions to reaoh equilibrium motion or because the E In is high enough so that runaway occurs. In such cases it is necessary to use the appropriate spatial andlor time dependent approximations to the Boltzmann equation for the ions and the electrons. Such models have been applied to H2 discharges by a number of workers using older cross section sets. with that of Giese and Maier,72 the magnitude is considerably smaller than theirs. The cross sections shown are also smaller than those ofShao and Ng,73 particularly at energies above 2 eV. The adopted cross sections are consistent with the spiraling limit of the polarization-interaction mode1. 56 These cross sections agree with the recommendations of Janev et al. 17 and Tawara et al.18 These and other cross sections adopted for H2 + in H2 are tabulated in Table 4 . The charge transfer cross section, i.e., the cross section for the formation of slow H2 +, shown in Fig. 4 for energies from 5 to 400 eV is taken from Barnett et al. 15 At energies above 2 keY the cross section is from Latimer, Browning, and Gilbody.74 At energies below 5 eV our charge-transfer cross section decreases with decreasing energy as recom-m~nd~d by Tawal'a eL al. l l'. because:: uf competition with H3 + formation. This decrease differs from that recommended by Janev et al. 17 The cross section for the destruction of fast H2 + is slightly larger 74 than that shown for charge transfer at energies from 1 to 20 keY.
We have found no information on the rotational excitation of H2 + in H2 + -H2 collisions. However, the lack of dependence of the charge-transfer cross sections on the initial rotational state 7S of the H2 + suggests that one assume that the product H2 + has the rotational distribution of the target H 2 • Also, c::xperiments with 800 eV N2 + in N2 indioate that the rotational excitation of the product N2 + produced in charge-transfer collisions is small in spite oflarge vibrational excitation. 76 In these experiments the fast Nl + product was rotationally excited in inelastic collisions without charge transfer.
The vibrational excitation and deexcitation of H2 + in collisions with H2 is a potentially important process in H2 discharges at high E / n because of the possible effect of vibrational excitation on the cross section for dissociation 77 . 78 of H2 + . In Fig. 4 we have adopted an energy dependence of the relative cross sections that is approximately that of Bates and Rie.d,79 hut relative magnitudes that are closer to the experiments by Liao and Ng BO for 8<CL <32 eV and the average of the theoretical values of Lee and DePristo for 800 <cL < 1000 eV. These values are normalized to the total charge-exchange cross section of Fig. 4 . The absolute charge-transfer and vibrational-excitation cross sections of Lee and DePrist0 81 decrease much more rapidly with energy, for energies near 1 keV, than those shown in Fig. 4 . The deexcitation cross section for H2 + (v = 1) obtained at 600 eV by Herrero and Doering 82 is about an order of magnitude smaller than the cross sections shown. The production of vibrationally excited H2 is not shown or tabulated, but according to Bates and Ried 79 and Moran and Flannery,83 the cross sections are comparable with those for the production J. Phys Data showing a strong dependence of the cross section for collisional dissociation ofH2 + on the degree of vibrational excitation have been obtained by Guyon et a[.18 at E L of 8 to 32 eV and by Lindsay. Yousif. and Latimer 77 at 1 keY. Eaker and Schatz 90 confirm theoretically this dependence on the initial vibrational state. Guyon et al. 78 suggest that these results may explain why the cross sections for H+ formation at low ion energies found by Vance and Bailey91 using 80-e V electrons to produce the H2 + are much larger than those obtained using techniques which form Hz + , in known vibrationallevels. The potential importance of vibration ally excited H2 + in models of H2 discharges is increased by the fact that it is also formed in H+ + H2 collisions,35 and in H2 + + H2 charge transfer collisions. 80
The Lyman-a cross sections are from Dunn, Geballe, and Pretzer o for energies from 300 to 3000 e V and from Van Zyl et a1. 43 for energies up to 25 keY. The Balmer-a cross sections are from Williams et al. 40 for energies above 2000 e V and show an increase in the fraction resulting in fast-excited H atoms with increasing energy. The short-dashed sections of the curves, show extrapolations of the experimental data.
We have found no published information 49 regarding the excitation of H2 molecular spectra by H2 +. One reason for failure to detect H2 band and continuum emission is its widespectral range and resultant relatively weak signals from the high spectral-resolution detection systems used for measurement of emission from H atoms.
The electron production cross sections shown in Again, we expect that electron production is accompanied by the formation ofH 2 + and H+. The ratio ofH+ to H2 + is unknown in the E L range of interest.
Drift Velocities and Reaction Coefficients for H 2 + in H2
There appear to be no measurements of the drift velocity of H2 + in H2 against which to test our cross section set.
This lack of data is to be expected for low E In because of the dominance of the cross section for H3 + formation over that for charge transfer for EL < 3 eV. We must therefore rely on theory to predict the ion behavior under swarm conditions. Since the cross section for charge-transfer collisions is significantly larger than that for H3 + formation for E L > 10 (E In> 1 kTd), the drift ofH2 + in H2 and the description of H2 + -H2 collisions in terms of spatial-reaction or excitation coefficients becomes meaningful at E In> 1 kTd. For E In> 1 kTd we will consider values of the gas density, times distance d, which are large enough so that the H2 + ion motion is in equilibrium 92 at the applied E In and will neglect the effect of H3 + formation on the ion energy distribution. The drift velocity is calculated s6 • 92 using the relation
while the ion "temperature" in eV is calculated using the relation 56 • 92 (8) where Qcr is the cross section for charge transfer collisions between Hz + and H 2 . The energy distribution ofion energies E L in the field direction is 56 • 92 F(Ed T+exp(-ELIT+). (9) The spatial-reaction or excitation coefficient akin for process k calculated using this distribution function is given b y 9.10.55
a k S vQ~(v)/(v,9)d3V n -S vcos (9)/(v,9) 
Here v and 9 are the magnitude and angle of the ion velocity relative to the electric field,/ (v,9) is the three-dimensional velocity distribution. 56 and E is temporarily used for the laboratory ion energy instead of E L • Note that since T + is a function only of E In at the moderate and high E In of interest, in applications ofthe data this section, akin and (Q k ) are functions of E In. It should be kept in mind that the equality of the spatial-reaction coefficient akin and the average cross section (Q k) is a property of the one-dimensional velocity distribution appropriate to ions at moderate to high E In and for which charge-transfer scattering is dominant. 56 The calculated values of the H2 + drift velocity and temperature are shown in Fig. 5 by the solid and dashed curves. ionization to produce an electron (e); and excitation ofHa. These data are listed in Table 5 . b QCT values used in Eqs. (7) and (8) c 1.lE-19 means 1.1 x 10-19 respectively, for E In> 1 kT d. These results are tabulated in Table . 5. We leave the di:;cu:;:;iun uf the c;1rc;ct:; uf dc;partul'~ from ion collisional equilibrium and of ion conversion reactions for papers concerned with applications. 1, 7, 68, 69, 92 Also shown in Fig. 5 and Table 5 are calculated average cross sections or spatial-excitation coefficients akin obtained using Eq. (10) for some of the collision cross sections shown in Fig. 4 . We note, for example, that the average cross section resulting in the production of fast H2 is about ten times that for H2 + loss by H+ formation, so that one expects a significant production of fast H2 by the fast H2 + drifting t1u:ough H 2 • The apparent io.n.ization coefficients for H24measured by Townsend and Llewellyn Jones 93 for 400 Td<Eln< 1.5 kTd vary from 4XlO-25 to 5XlO-24 m 2 • These values are too small to be shown in Fig. 5 . At E In = 1 kTd their ionization coefficient is about an order of magnitude larger than our present calculated value. Our earlier calculations 22 of this ionization coefficient are too high because of our use of too large an ionization cross section. The differences in calculated and experimental ionization coefficients could possibly be caused by the buildup of the Hz + vibrational "temperature" in charge-transfer collisious. A better understanding of experimental results such as these will have to await more complete models of ion and electron motion in H 2 • 5. H3 + Collisions with H2
H3 + -H2 Cross Sections
The low-energy momentum-transfer cross sections for H3 + in Hz shown by the solid curve in Fig. 6 and Table 6 mobility data using accurate constant-cross-section and con-:stallt-cullisioJ1-fn~queJ1cy mooels. At present we have no experimental basis for extending the solid curve to higher energies. At energies above 1000 e V the cross section shown in Fig. 6 is estimated by scaling the experimental data for H+ and H on H2 by the mass factor given by screened Coulomb theory, 56 i.e., by 2.8. We have then interpolated between these data for intermediate energies. Table 6 . The long-dashed lines are extrapolations to higher energies of fits of constant cross section and constant collision-frequency models to 300 K mobility data. We have no information on rotational or vibrational excitation in H3 + -H2 collisions. The buildup ofintemal energy could be important for the dissociation of drifting H, + inH2·
The cross sections for the production offast H, H 2 , H+, and H2 + are from McClure 86 for energies above 4 keV. The cross sections for production offast H+ and H2 + at energies between 100 and 400 eV are from Lange, Huber, and Wiesmann 94 and are used to extrapolate to threshold as shown by the short-dashed curves. Huber, Schulz, and Wiesmann 95 found a slower increase with energy for the production of slow ions, presumably H2 +. The total destruction cross section for H3 + in collisions with H2 (not shown) has beenmeasured by Williams, Geddes, and Gilbody96 for EL > 2.5 ke V and is approximately equal to an appropriately weighted sum of the reaction cross sections shown. Further mea-surements of H3 + -H2 ion-molecule reactions at 1 e V < E L < 1 keV are urgently needed for accurate modeling oflowpressure H2 discharges.
The Lyman-a excitation cross sections are from Dunn et al., 50 while the Balmer-a cross sections are from Williams et al. 46 These data are extrapolated to their respective thresholds, as shown. The data of Williams et al. 46 show that the fraction of the Ha emitted by fast H atoms increases from -0.5 at 3 keV to 0.7 at 10 keV.
The cross section for electron production e is from Barnett et al. 15 and is extrapolated to threshold as shown. Table 7 . ed in Table 7 . As for H+, the Qm values for H3 + in H2 are adjusted until the drift velocities calculated using the singlebeam, momentum-balance model of Sec. 3.3 agree with experiment. 66 Note that at the H3 + energies of these calculations only the recoil term of Eq. (3) contributes to Lm (E' L ). H3 + runaway oc~urs for E In> 700 Td. Also shown are the cross sections for H3 + destruction at the energies of the ion "beam." The very rapid rise in the destruction cross section for E In> 600 Td is consistent with the upper limit to the E In at which drift velocity measurements were made. 66 However, one must keep in mind that our single-beam model of Sec. 3.3 has no high-energy "tail" and so may severely underestimate the dissociation coefficient at E In < 700 Td.
Drift Velocity and
The cross section for electron production, i.e., ionization, is negligibly small in the E In range for which these steadystate calculations apply. Ionization by H3 + is significantly larger than for H+ for the higher ion energies attained when runaway occurs at E In> 700 Td.
H Collisions with H2
H-H2 Cross Sections
The cross sections for momentum transfer in collisions ofH with H 2 , shown in Fig. 8 and Table 8 for energies of 500, 1500, and 5000 eV, are calculated from the differential scattering cross sections of Newman et al. 28 At energies near 0.1 e Y we show the momentum transfer cross sections calculated from the diffusion measurements of The long-dashed lines are calculated from the diffusion coefficient assuming either a constant cross section or a cross section inversely proportional to velocity. Our best estimate is shown by the solid curve and passes through the intersection of the dashed lines. The short-dashed curve is an interpolation between the low-and high-energy data sets and is our present recommendation. We note that at energies below 2 e V, the Qm values for H in H2 are significantly below those for H+ in H 2 , presumably because of the long-range polarization interaction for the ion. At higher energies, the H in H2 cross section is larger, because of the larger effective size of the H atom compared to that of H+ _ Note that for energies above 500 eV, the large-angle scattering and Qm of Table 8 .
H by H2 approaches z8 that for Coulomb collisions of H+ with the H+ nuclei of the Hz.
The cross sections for the rotational excitation ofH 2 by H shown in Fig. 8 Russek 101 for EL > 750 eV. Note that the cross sections for rotational excitation of HZ by H rise much more slowly above threshold than the corresponding values for H+, probably due to the absence of the charge-quadrupole interaction for H-H z .
An average cross section for vibrational deexcitation of
Hz (v = 1) by H of about 10 'l'l m 'l at 300 K, were found by Heidner and Kasper. 102 This value is considerably larger than those given by several theoretical cross sections at such low energies. 103 of presently available information, Russek 59 does not expect the potential energy surface ofloup and Russek 101 to yield reliable vibrational-excitation cross sections. Until these problems are resolved, we recommend in Fig. 8 the theoretically based vibrational excitation cross sections of Schatz 103 at low energies and the estimated curve based on the H + + H2 cross sections for high energies.
For energies between 80 and 1000 eV we use the Balmer-a and -fJ data (labeled Ha and HfJ) ofYan Zyl et al.,107 while for higher energies we show the Balmer-a results of Williams et al. 46 The experiments of Williams et al. show that most of the Ha excitation results in fast, excited H atoms, especially at the lower energies. The Lyman-a curve of Fig. 8 for energies above 150 e V is from Birely and McNeal,108 while that for lower energies is from the very recent results of Van Zyl, Gealy, and Neumann. 109 The only data found for excitation of H2 molecular emission were for 50 ke V, for which the estimated-excitation cross section 49 for the Lyman bands was z 1.6 X 10 21 m".
The cross sections for electron production in Fig. 8 and Table 8 are taken to be equal to the sum of the cross sections for Q + H+ and e + Hz + production, meal:ured by Van Zyl, Le, and Amme. IIO The cross sections for the production of H2 +, fast H + , and fast H-in Fig. 8 are also taken from Van Zyl, Le, and Amme. lIo
Stopping Power for H in H2
The contributions of vibrational excitation, electronic excitation and ionization to the stopping pOWP.T T.. for flljlt H in H 2 , calculated using our cross-section set and Eq. (1), are shown by the dashed curves in Fig. 9 and listed in Table 9 . The contribution of rotational excitation is too small to show, although it may be significantly underestimated because of our neglect oflarge changes in the rotational quantum number 59 at large E L' Two estimates of the total stopping power for inelastic energy loss and for ionization are shown. The lower curve shown for the loss function due to ionization is calculated using the cross section for ionization shown in Fig. 8 and the energy loss to electrons found for H+ -H2 collisions, and given by Eq.
(2). The lower solid curve is the total inelastic loss function or inelastic stopping power, obtained by adding the lower ionization curve to the loss tUnctions for vibrational and electronic excitation. This calculation is -20% lower than the stopping power determined from measurements 63 of the energy of the H+ in a beam with an equilibrium H-H+ composition passing through H2 (shown in Fig. 9 , by the points). Loss of energy in momentum-transfer or recoil collisions is omitted from Le for this comparison, since H+ ions formed from H atoms undergoing large-angle scattering are not analyzed by the detector.
A second estimate of the energy-loss function caused by ionization is obtained by assuming that th~ ~llelgy loss is the same as the average energy loss measured for electrons by Opal, Peterson, and Beaty. III This approximation leads to thp. lIJ:lJ:lP.T curves for the ionization and total loss functions. In this case, the calculated stopping power L. is -50% larger than the measured values. 63 We conclude that the agreement of experiment and the calculations are well within our The solid curves show the inelastic portion of the total loss coefficients defined by Eq. (1) from 0.1 to 100 keY. The chain curves show the two estimates of the energy loss due to ionization, while the two solid cunCl) 5huw th" ,",uHcspumliug total energy loss calculations. The dashed curves show the contributions resulting from vibrational excitation and electronic excitation. The points show the experimental results of Phillips.63 The larger set of energy loss eOE'ffieients for H in Hz arE' listed in Table 9 . knowledge of the energy losses in the ionization processes and that the average of our two estimates gives a satisfactory fit to experiment. 63 We have not found any theoretical predictions for the stopping power for H in H2 at EL < 10 keY.
H2
Collisions with H2
The only information we have on large-angle scattering in low-energy H2-H2 collisions is from experimental viscosity data at temperatures up to 1100 K. We show in Fig. 10 and Table 10 the momentum-transfer cross sections calculated from the viscosity data, assuming isotropic scattering.113 At energies above 1 keY, we suggest the use of momentum-transfer cross sections scaled upward by a factor of 1.8, according tu the masl:i dependence ufl:icrc::ened Coulomb theorf6 from the cross sections for H+ in Hz shown in Fig.   1 . Our interpolation between low and high energies, as !Ihown hy the !Ihort.da<lhed cnrve in Fig. 10 and the recommended cross sections, is given in Table 10 .
Rate coefficients for rotational relaxation of H2 by H2 have been measured up to 1200 K. 114 Cross sections for rotational excitation have been calculated 1l5 for energies up to -4 eV, as shown in Fig. 10 . Since we have no cross sections for higher energies, we have assumed the cross sections to decrease roughly as the mean of thc curvcs for H+ -Hz collisions ( Fig. 1) and for H-H z (Fig. 8) .
The rate coefficients for vibrational deexcitation of H2 by H:l have been measured 116.117 at temperatures from 40 to 3000 K and are found to increase rapidly with increasing temperature at > Table 10 .
higher energy theoretical calculations of Gianturco and Lamanna.1I8 shown in Fig. 10 for CL < 5 eV. We have extrapolated these data to 10 ke V using the cross sections for vibrational excitation in Hz + -H2 collisions shown in Fig. 4 , i.e., we assume that the nuclear charges dominate the H 2 -H z interaction at the highest energies. The cross sections for excitation of the Balmer-a line in H 2 -H z collisions have been measured for E L >1O keV.l19 Since some kind of estimate for such data is essential for analyses of our electrical discharges at very high E In, we have extrapolated the results of Williams et a/. 119 to lower energies, as shown in Fig. 10 . We have found no data on the excitation of Lyman-a or of Hz bands or continuum by fast H z . 49 This is unfortunate, since experiments in deuterium 120 and hydrogen 121 suggest the possible importance of such excitation processes.
We have adopted the low-energy cross sections for H2 + formation and ionization from Peterson and Eisner,122 rather than the values of Noda,IZ3 becauw of the larger ion-collection angle used by Peterson and Eisner. At cL > 5 keY, our curve approaches that of McClure. 1z4 McClure'S cross sections for fast Hand H+ formation have been rather arbitrarily extrapolated to lower energies in order to provide estimates for discharge modeling.
HrH2 Average Cross Sections
When fast 112 molecules arc formed in charge-transfer collisions between Hz + and cold Hz, the fast Hz molecules are assumed to have the same velocity distribution as the Hz + . It is therefore desirable to have available the cross sections for fast H z -H 2 collisions averaged over the equilibrium energy distributions for the H2 +. Figure 11 and Table 11 give the average cross sections for the ionization and excitation processes of Fig. 10 as calculated using Eq. (10). Also shown is the average cross section for the sum of momentum-transfer (large-angle scattering) and inelastic collisions. In some models, e.g., that of Phelps and lelenkovic for Ar,10 such collisions are assumed to effectively destroy the fast neutral beam because they result in sufficient energy loss to reduce the energy below that for which there is significant excitation or ionization. Note that at 10 kTd the calculated "second Townsend" or spatial-ionization coefficients for fast H2 in Hz are about five times those shown in Fig. 5 for H2 + in H2 with the same energy distribution. This ratio, along with the efficient production of fast H 2 , means that in highE In discharges, ionization ofH2 by fast H2 will often be much more important than ionization by equally fast Hz + .
H -Collisions with H2
The values of Qm (E L ). shown in Fig. 12 and Table 12 , for energies below 1 e V were obtained by adjusting the Qm vnlues to obtain a fit between the measured Hdrift veloc.
ities 125 shown in Fig. 7 and those calculated and listed in Table 7 using the single-beam, momentum-balance model discussed in Sec. 3.3. The resultant cross sections are consis- e Laboratory th~eshold enersy in eV J. Phys. Chem. Ref. Data, Vol. 19, No. 3,1990 10-19 , ------, ----_ _ -,-_ _ _ _ -. tent with the Qm values calculated from 300 K mobility data and extrapolated to higher energies as shown by the longdashed lines in Fig. 12 . Note that the low-energy Qm values for H-in Hz are exceptionally small, Le., about one third those for H+ in H 2 • At energies above 500 eV, we have assumed that Coulomb scattering dominates at large angles and have used the cross section for H+ in H2 from Fig. 1 . The interpolation between the low-and high-energy data is shown in Fig. 12 . The cross sections in Fig. 12 for electron detachment in H-collisions with Hz are based on the data of Huq, Doverspike, and Champion,126 at energies from the threshold at 2.18 eV (1.45 eV in center of mass) to about 200 eV, and that Of Risley and GebaUe 127 for energies from 300 eY to 10 keY.
The cross section for positive ion production 128 is less than 4% of that for detachment at energies below 10 keY, but the H+ to H2 + ratio is unknown.
Cross sections for excitation of H to very high levels in H-collisions with H 2 , have been measured for 2.3 < E L < 60 keY by Stone and Morgan. 129 One could extrapolate these data to low principal quantum numbers n*, and appropriately sum over n* to estimate Lyman-a-or Balmer-a-excitation cross sectioJ:ls. The calculated drift velocity curves tor Hin H2 are compared with experimental points 125 in Fig. 7 
Discussion
The cross sections compiled in this paper demonstrate the wide range of processes and of experimental and theoretical techniques that need to be considered in order to begin to assemble the "complete" sets needed for modeling. At energies below 10 eV, transport and reaction measurements utilizing swarm, ion cyclotron resonance, and flow-tube techniques, provide mnch of the available experimental data. At energies above 500 eV, beam scattering techniques yield detailed data such as differential-scattering cross sec- tions. The intermediate energy range is only beginning to be studied. Theory has tended to emphasize energies below about 10 eV, perhaps because of the connection to chemistry, and energies above 10 keY. It is to be hoped that more investigations will be made of the intermediate energy range, including tests of the usefulness of relatively simple theories, such as the Born approximation and simple molecular models.
The cross sections presented in this review provide the basis for modeling of electrical discharges in weakly ionized H 2 • To serve that purpose the cross sections must be "complete." It is hoped that the occasional, somewhat arbitrary, choices and the necessity for estimates of many of the cross sections in critical energy ranges, especially near threshold will encourage experimentalists and theoreticians to carry out further work in this area.
In most cases, we have cited only the publications containing data actually used. A "floppy disk" containing the tabulated data is available from the author. Please inform the author of errors, omissions, or new data.
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